The role played by host-pathogen interactions in regulation of expression of streptococcal virulence factors in vivo is beginning to become clear. We have reported that the expression of 2 streptococcal virulence factors, the streptococcal pyrogenic exotoxin (Spe) A and the cysteine protease SpeB, was reciprocally modulated during infection with Streptococcus pyogenes. To identify host signals mediating this reciprocal regulation, we cocultured clonal M1T1 isolates with human peripheral blood mononuclear cells (PBMCs). In accordance with our in vivo findings, when bacteria were in direct contact with human PBMCs or were separated in transwells, expression of speA was induced, whereas expression of speB was down-regulated. This phenomenon was mediated by transferrin and lactoferrin and was influenced by the iron-saturation status of these proteins. Iron chelation from media induced expression of speA, but to a much lesser degree than did that with apotransferrin and lactoferrin, suggesting additional effects of these ferrins on modulation of expression of speA and speB. Thus, ferrins may play an important role in host-pathogen interactions in skin and mucosal tissues.
wide. This M1T1 clonal strain harbors speA, speB, speF, speG, speJ, and smeZ [3] ; however, previous studies have shown variable expression of these Spe genes among clonal M1T1 isolates, particularly for SpeA and SpeB. SpeA is an important GAS superantigen that contributes to the pathogenesis of invasive disease [2, [4] [5] [6] . SpeB is a cysteine protease that plays a critical yet complex role in disease pathogenesis, because of its ability to modify several bacterial virulence proteins as well as several host proteins (reviewed in [7] [8] [9] [10] [11] ). We observed that almost 40% of clinical invasive M1T1 isolates expressed no detectable amount of SpeA [3] . Similar observations were made in several other studies, in which only 20%-50% of speA + GAS strains were found to express SpeA [12] [13] [14] [15] . Although we could not find a correlation between expression of SpeA and the severity of invasive GAS infection, we found that expression of SpeB was inversely related to the severity of disease among M1T1 isolates [16] .
To understand the basis for variable expression of Spe among clonal M1T1 isolates, we developed a mouse model in which expression of speA can be monitored in vivo over time [17] . All M1T1 isolates that originally possessed the SpeB + /SpeA Ϫ phenotype switched to a SpeB Ϫ /SpeA + phenotype by day 3-7 in vivo, suggesting that host signals might have induced this switch. Although expression of SpeA was induced, expression of SpeB was temporally down-regulated and eventually turned off [17] . This reciprocal phenotype was stable when the bacteria were recovered from the mice tissue chambers after day 7, suggesting that this switch in expression of SpeA and SpeB may be advantageous to the bacteria-expression of SpeA has been shown to increase GAS survival in vivo [5] . Furthermore, we and others have shown that, by turning off expression of SpeB in certain tissues, the bacteria preserve the integrity of several key virulence components, including the surface M protein and several superantigens [16, 18, 19] .
In the present study, we set out to identify host signals that may be responsible for modulation of expression of SpeA and SpeB. We investigated whether the same phenomenon could be reproduced ex vivo and, if so, what is the nature of the molecules mediating this effect. We report that M1T1 bacteria cocultured with human peripheral blood mononuclear cells (PBMCs) upregulated expression of speA and down-regulated expression of speB. Further investigations led to the finding that human apotransferrin and lactoferrin are mediators of this phenomenon.
MATERIALS AND METHODS
Bacterial strains. We used 2 representative clinical, clonal M1T1 GAS isolates from severe invasive-infection cases [3] . These strains harbor speA, speB, speF, speG, speJ, and smeZ1 but lack speC, speH, speI, and smeZ2 [3] . Both have the SpeB + / SpeA Ϫ phenotype in vitro [17] . The bacteria were grown to stationary phase, as described elsewhere [16] , were washed in Hanks' balanced salt solution (HBSS) or MEM, and were cultured in defined media, as indicated for each study. PBMCs and cell lines. Human PBMCs were isolated from blood from healthy volunteers, as described elsewhere [16] . In some studies, lymphocytes and monocytes were separated [20] and cultured separately with the bacteria. The human Jurkat T lymphoma line and the pharyngeal cell line Detroit 562 were used in certain studies.
Coculture of M1T1 GAS isolates with cultured PBMCs in serum-free media. PBMCs, Jurkat cells, and pharyngeal cells were cultured overnight in RPMI medium plus 10% fetal calf serum and were washed free of serum, and 10 7 cells were cocultured with 10 8 SpeB + /SpeA Ϫ bacteria for 1-4 h in 2 mL of MEM, HBSS, or chemically defined HL-1 medium (Biowhittaker). The culture media were recovered at varying times, filter sterilized, and concentrated by use of Microcone YM-10 concentrators (Millipore). In some experiments, the bacteria were placed in 12-well transwells (Costar), in which they were physically separated from leukocytes by a 0.4-mm semipermeable membrane that allows free flow of solutes between 2 compartments. The bacteria were always seeded in the inner well.
Assessment of expression of SpeA and SpeB proteins and genes. Production of SpeA and SpeB proteins was assessed by Western blotting, as described elsewhere [3] , and was quantified by use of a flatbed scanner and BioRad Quantity One software. To quantify Spe transcripts, total RNA was isolated from bacteria, as described elsewhere [18] , and was quantified spectrophotometerically. RNA was freed of the contaminating DNA by repeated DNase treatments [18] . For accurate quantification of numbers of transcripts, we generated synthetic RNA standards for the genes of interest. First, DNA templates of genes of interest were generated by use of primers designed to amplify a product larger than the desired PCR product required for real-time quantitative PCR. Primer pairs used for the DNA templates were recA (741bp; 5 -gctgctgacgatggtttgtta-3 and 5 -ccagccgaacagaagcataga-3 ), speA (505 bp; 5 -gtattgaagaaaatggtattttttg-3 and 5 -attcttgagcagttaccattttt-3 ), and speB (412 bp; 5 -agaattgatggctgatgttggta-3 and 5 -ctaaggtttgatgcctacaaca-3 ). The PCR amplicon was ligated into pCR4-TOPO TA Cloning Vector (Invitrogen). The resulting plasmids were propagated in DH5a-competent Escherichia coli and were sequenced to check for orientation of inserts. Depending on the orientation of the insert relative to the promoter, the restriction enzymes Not1 (T3 promoter) and Spe1 (T7 promoter) were used to generate a linearized plasmid, which was transcribed into RNA sense strand by use of T3 or T7 RNA polymerase, depending on the orientation of the insert. In vitro-synthesized RNA was purified by use of RNA Stat-60 (Tel-Test), precipitated, suspended in nuclease-free water, quantified, aliquoted, and stored at Ϫ80ЊC.
RNA standards and total RNA from bacteria were converted to cDNA by use of reverse transcriptase and random hexamers. Gene expression was quantified by use of an ABI-PRISM 7900HT sequence detection system with gene-specific primers in PCR buffer containing SYBR Green. The primer sequences were recA (73 bp; 5 -cgactgtggctttacatgctgta-3 and 5 -tgctcggcatcgataaagg-3 ), speA (92 bp; 5 -ctagatctgtgaagttggcttgga-3 and 5 -ttttttgttttagtgacatttcttgga-3 ), and speB (69 bp; 5 -cgcactaaacccttcagctctt-3 and 5 -acagcactttggtaaccgttga-3 ).
Stripping and saturation of transferrin with iron. Human apotransferrin (Sigma) was sequentially saturated with iron by incubation with FeCl 3 , as described elsewhere [21] . A 200-mmol/L solution of apotransferrin was prepared in 40 mmol/ L Tris/20 mmol/L NaHCO 3 buffer (pH 7.4) and saturated with iron, to 30%, 60%, and 100%, by adding 120, 240, and 400 mmol/L FeCl 3 , respectively, and incubating for 1 h at 37ЊC. Unbound iron was removed by overnight dialysis using a Slidea Lyzer dialysis cassette (cutoff, 10 kDa; Pierce) against 2 changes of 40 mmol/L Tris/20 mmol/L NaHCO 3 buffer (pH 7.4). The proteins were filter sterilized and saved for use in the coculture assays. Human holotransferrin (Sigma) was stripped of iron by dialysis against 0.1 mol/L sodium citrate buffer (pH 2 ϫ 10 cultured in RPMI with 10% fetal calf serum for 24 h; the cells were then washed free of serum, and 10 7 PBMCs were cocultured with 10 8 bacteria in 2 mL of MEM and incubated for 1-4 h at 37؇C in 5% CO 2 . The culture media were recovered, the bacteria were removed, and the sterile media were concentrated 100-fold, as detailed in Materials and Methods. The concentrated media (15 mL each) were loaded onto 12.5% SDS-PAGE, and production of SpeA was determined as detailed in Materials and Methods. Each experiment was performed in duplicate and repeated at least 3 times. Quantification of data from 5 independent experiments showed that the mean (‫ע‬SD) fold increase in expression of SpeA at 4 h of coculture with PBMCs was 16 ‫,)6ע(‬ and the mean (‫ע‬SD) fold decrease in expression of SpeB was 8 ‫. 4.5) [21] . The stripping of holotransferrin and iron-saturation levels of apotransferrin were confirmed by determining the total iron-binding capacity of holotransferrin and of apotransferrin, by use of an Iron/TIBC kit from Teco Diagnostics. Our earlier observation that expression of SpeA and that of SpeB were temporally yet reciprocally regulated prompted us to look at expression of SpeB as well. Compared with a more consistent up-regulation of expression of SpeA, expression of SpeB was down-regulated to various levels (2-14-fold) after coculture with PBMCs. The mean (‫ע‬SD) fold increase in expression of SpeA from 5 independent experiments was 16 ‫,)6ע(‬ whereas the mean (‫ע‬SD) fold decrease in expression of SpeB from the same experiments was 8 ‫.)3.5ע(‬ This wide variation in the degree of down-regulation of expression of SpeB can be attributed mainly to the presence of residual premade SpeB protein in the bacteria. In fact, when SpeB transcripts were quantified, a 15-40-fold decrease in the number of speB transcripts was seen, and only a 2-10-fold increase in the number of speA transcripts was seen after the 4-h coculture of M1T1 bacteria with PBMCs (figure 2). However, as will be explained below, the number of SpeA transcripts was significantly higher when assessed at earlier time points. Thus, in the present study, the amount of SpeA protein and the number of SpeB transcripts were more reliable measures of their reciprocal expressions.
RESULTS

Induction of expression of
No requirement for physical contact between PBMCs and bacteria for induction of expression of SpeA. When PBMCs and SpeB + /SpeA Ϫ bacteria were separated in a transwell by a 0.4-mm semipermeable membrane, induction of expression of SpeA occurred regardless of whether the bacteria were in physical contact with the PBMCs or were separated from the PBMCs by the semipermeable membrane ( figure 3) ; however, the mean increase in expression of SpeA in bacteria cultured in transwells was only of that seen when the bacteria were in direct con-33.7% ‫ע‬ 10% tact with the PBMCs. Induction of expression of SpeA was also seen when either media from resting or PHA-stimulated PBMCs cultured without bacteria or media from PBMCs stimulated with a DspeA mutant of the parent strain were added to the SpeB + / SpeA Ϫ bacteria; however, similar to what was seen in the transwells, under these conditions, the mean fold increase in pro- Figure 2 . Increase in the no. of streptococcal pyrogenic exotoxin (Spe) A-specific and decrease in SpeB-specific transcripts after culture of SpeB + / SpeA Ϫ bacteria with peripheral blood mononuclear cells (PBMCs). Batch cultures of SpeB + /SpeA Ϫ bacteria were cultured with or without PBMCs for 4 h. Bacteria were separated from the PBMCs by density-gradient centrifugation. Total RNA was extracted, and expression of gene-specific transcripts was quantified by real-time polymerase chain reaction, as detailed in Materials and Methods. SpeA-or SpeB-specific transcripts were normalized to the house-keeping gene recA, and the relative increase/decrease after coculture was calculated by comparison with the number when bacteria were cultured without PBMCs. The figure shows data from 3 independent experiments. duction of SpeA was only of that seen when the 20% ‫ע‬ 9% bacteria were in direct contact with the PBMCs. Together, the data suggest that direct PBMC-bacteria interactions are required for optimal production of SpeA but that the molecules responsible for this induction are soluble, secreted, and diffusible.
We also tested whether human serum would induce expression of SpeA. A slight increase in production of SpeA was observed when the bacteria were incubated in MEM with 1% serum. We could not study the effect of higher concentrations of serum, because serum proteins interfered with our ability to detect SpeA. Accordingly, we decided to incubate the bacteria in HL-1 medium. Surprisingly, we saw up-regulation of expression of SpeA as well as down-regulation of expression of SpeB in HL-1 medium alone, albeit to a lesser degree than in the presence of PBMCs ( figure 4A ). In HL-1 medium, compared with MEM, the mean (‫ע‬SD) fold increase in expression of SpeA was 11 ‫,)5ע(‬ and the mean (‫ע‬SD) fold decrease in expression of SpeB was 3 ‫)7.1ע(‬ ( figure 4B ). This observation prompted us to investigate which component of HL-1 medium was responsible for this effect. The HL-1 medium was fractionated into proteins with a molecular weight either у or !10 kDa, and each fraction was tested for its ability to induce expression of SpeA. As shown in figure 4C , SpeA-inducing activity was present only in the fraction with the higher molecular weight.
Identification of human transferrin and lactoferrin as inducers of SpeA. The only proteins in the у10-kDa fraction of HL-1 medium were human apotransferrin and insulin, so we tested each of them separately and in combination. The addition of apotransferrin to bacteria cultured in MEM caused marked induction of expression of SpeA, in a dose-dependent manner. Insulin, on the other hand, failed to induce expression of SpeA and did not further increase the levels of expression of SpeA induced by apotransferrin ( figure 5A and 5B). The induction of expression of SpeA was also confirmed at the transcriptional level. The increase in the number of SpeA transcripts was first observed at 30 min after addition of apotrans- /SpeA Ϫ bacteria to 5 mL of MEM, RPMI medium, Todd-Hewitt broth (THB), unfractionated serum-free HL-1 medium, or size-fractionated HL-1 medium containing proteins either у or !10 kDa. After incubation for 4 h at 37؇C in 5% CO 2 , production of SpeA in the various media was analyzed as detailed in figure 1.
ferrin, reached a peak increase of 7-fold at 60 min, and declined thereafter (table 1). In the absence of apotransferrin, the number of SpeA transcripts remained unaltered over the course of the 2-h incubation. The fold increases in SpeA-specific transcripts after culture of SpeA Ϫ bacteria in media alone (without apotransferrin) were 1, 1.16, 1.13, and 1.27 at 0, 30, 60, and 120 min, respectively. We also found that human lactoferrin is an effective inducer of expression of SpeA. As shown in figure 6, addition of 50-100 mg/mL iron-partially saturated lactoferrin to bacteria caused measurable induction of expression of SpeA. The upregulation of expression of SpeA in the presence of lactoferrin was remarkable inasmuch as the concentrations of lactoferrin used were an order of magnitude lower than physiological concentrations, which are in levels of milligrams in mucosal and cutaneous tissues [22] . We could not test higher concentrations of this ferrin, because of interference with the assay.
Iron-saturation status-dependent ability of transferrin to induce expression of SpeA. To determine whether the effect of transferrin was through scavenging free iron from the medium, induction of expression of SpeA was compared in the presence of holotransferrin before and after stripping of iron. Induction of expression of SpeA was additionally compared in the presence of apotransferrin before and after sequential saturation. Expression of SpeA was induced in bacteria cultured in MEM in the presence of either apotransferrin or iron-stripped holotransferrin ( figure 7A ). By contrast, the presence of holotransferrin resulted in a significantly lower induction of expression of SpeA. Sequential saturation of apotransferrin with iron resulted in a sequential decrease in its ability to induce up-regulation of expression of SpeA ( figure 7B) .
Together, the data suggest that the effect of transferrin and lactoferrin on induction of expression of SpeA may be through their iron-scavenging properties and that iron deprivation may induce a stress signal that reciprocally modulates the expression of speA and speB. To further investigate the effect of iron deprivation, we treated MEM or HL-1 medium with a strong iron chelator, deferoxamine mesylate, at concentrations of 0.25, 0.5. and 1 mmol/L. When the SpeB + /SpeA Ϫ bacteria were cultured in deferoxamine-treated MEM or HL-1, there was a noticeable increase in production of speA (data not shown). However, this increase was less marked, compared with that seen in the presence of apotransferrin. These observations suggest that, in addition to causing iron deprivation (which leads to stress sig- nals), transferrin might also affect the regulation of expression of superantigen in a trans manner, through yet another unidentified intermediate.
DISCUSSION
GAS cause human diseases by adapting to various niches that they encounter in human hosts. The ability of GAS to be able to cause diseases of varying severities depends on the response of regulatory elements to environmental signals and their control over the expression of virulence factors. Environmental factors-such as osmolarity, temperature, CO 2 , and restricted iron-have been shown to regulate the expression of GAS virulence factors [23] [24] [25] [26] . We previously showed that expression of SpeA and SpeB is influenced by host environmental signals and reported that SpeB + /SpeA Ϫ isolates shift to a SpeB Ϫ /SpeA + phenotype after inoculation in mouse tissue chambers [17] . Here, we have shown that induction of expression of speA and down-regulation of expression of speB can be effected ex vivo by coculturing SpeB + /SpeA Ϫ isolates with human PBMCs. We have further demonstrated that this reciprocal expression of spe genes is mediated by human transferrin and lactoferrin. Several groups have reported induction of expression of spe genes after coincubation of bacteria with human cells. Broudy et al. reported up-regulation of expression of phage-encoded SpeC and DNAse after coculture with human pharyngeal cells and found this phenomenon to be associated with induction of phage [27, 28] . A similar observation was made by Banks et al. [29] in M3 GAS, and Voyich et al. [30] showed that several GAS prophage and chromosomal genes involved in virulence, oxidative stress, cell-wall biosynthesis, and gene regulation were upregulated during phagocytic interaction with human polymorphonuclear lymphocytes. However, the nature of the signals provided by mammalian cells that induce a change in expression of GAS genes was not determined in the studies cited above.
The discovery, here, that transferrin and lactoferrin are capable of inducing Spe phenotype switch in M1T1 bacteria was made as a result of our using chemically defined medium that contained apotransferrin. The induction of expression of SpeA and down-regulation of expression of SpeB by transferrin and lactoferrin took place within minutes of coincubation with the bacteria and was seen both at the RNA and the protein levels, suggesting that the signal provided by these ferrins reciprocally affects the transcription of speA and speB. Another, mutually nonexclusive possibility is that these ferrins induce the phage that carries speA, resulting in increased expression of SpeA. However, SpeB is chromosomally encoded, and previous studies have shown that induction of phage-encoded Spe could occur without induction of phage. Whereas Brody et al. showed that expression of SpeC was accompanied by induction of phage [27] , Banks et al. showed that up-regulation of expression of SpeA occurred without induction of prophage, which encodes it [29] . We observed only a partial induction of SpeA prophage after coculture with PBMCs. Thus, it is likely that, in addition to an effect on induction of phage, these ferrins may also regulate the transcription of speA and speB indirectly. We believe that the effect of transferrin and lactoferrin on expression of Spe genes is physiologically important because the concentrations used in the present study were orders of magnitude below those found in vivo, which can be in the range of 2-4 mg/mL for serum transferrin and up to 14 mg/ mL for lactoferrin at mucosal sites, such as skin and saliva [22] . GAS is more likely to interact with lactoferrin on mucosal surfaces, but, once the bacteria invade and become blood borne, transferrin is more likely to affect modulation of Spe genes.
The mode by which ferrins modulate the expression of GAS genes is not entirely clear. We found that the ability of transferrin and lactoferrin to modulate the expression of SpeA and SpeB was largely dependent on the iron-saturation status of these proteins, suggesting that the scavenging of iron may be a stress signal that induces expression of SpeA. These ferrins belong to a family of iron-binding proteins that are instrumental in iron transport in mammals and scavenge iron from serum or other biological fluids, thus depriving microorganisms of iron, inhibiting microbial growth, and generating other microbiostatic defense mechanisms in the host. Our attempts to reproduce the phenomenon of reciprocal expression of Spe by chelating iron through addition of escalating amounts of deferoxamine did not have as strong an effect on induction of expression of speA gene, compared with that seen when apotransferrin or lactoferrin was added. These results, together with the observation that low levels of expression of SpeA were induced in the presence of holotransferrin, suggest that, although iron chelation by these ferrins is likely to play a major role in modulation of expression of Spe genes, transferrin and lactoferrin may also have additional effects on expression of these genes, effects that are unrelated to iron deprivation.
To our knowledge, Streptococcus pyogenes has not been shown to use holotransferrin or lactoferrin as a source of iron. Our attempts to identify GAS receptors for these proteins by direct binding were unsuccessful. This does not rule out transient or low-affinity binding, which might have taken place to a level that was sufficient to induce signals in the bacteria and that led to the modulation of transcription of Spe genes. Unlike several gram-negative bacteria, which express outer-membrane receptors that directly bind to transferrin and lactoferrin [31] [32] [33] , the receptors for these proteins on gram-positive bacteria have not been characterized. The only transferrin receptor among gram-positive bacteria that has been characterized is a cell surface-associated glyceraldehyde-3-phosphate dehydro- /SpeA Ϫ bacteria were added to 5 mL of MEM with apotransferrin and holotransferrin either stripped of or saturated with iron (A) or with apotransferrin (40 mg/mL) sequentially (0%-100%) saturated with FeCl 3 (B) and were incubated for 4 h at 37؇C. After incubation for 4 h at 37؇C in 5% CO 2 , the media were recovered and analyzed for production of SpeA, as detailed in figure 1 . The gels were scanned for quantification of SpeA.
genate of Staphylococcus aureus [34] . This observation was later refuted, and another cell wall-anchored protein, StbA, was reported to be the receptor for transferrin [35] . Blast-homology searches of the genomic database of M1GAS SF370 showed no shared sequences or significant homology with staphylococcal StbA. Our future studies will investigate, in greater depth, the mechanism by which the ferrins modulate the transcription of Spe genes, including the mechanism by which iron deprivation regulates expression of Spe genes.
The effect of iron on the regulation of gene expression has been shown in several bacterial species, including Brucella, Niesseria, and Mycobacteria [36] [37] [38] [39] . Diphtheria toxin, a phageencoded toxin, has been shown to be regulated through the transcriptional repressor DtxR, such that, when bound to iron, it represses production of diphtheria toxin by binding to an operator overlapping the toxin gene promoter [40, 41] .
The present study has identified ferrins as host players in the complex host-pathogen interactions that regulate the expression of virulence factors of GAS and affect their ability to cause diseases of varying severity. Although neither expression of SpeA nor up-regulation of expression of SpeA is an isolated event during the host-pathogen interaction, neither is SpeA the only virulence factor produced by the invading bacteria. Instead, the outcome of infection is the result of a complex networking of global and individual regulators, which, in turn, can be affected by the host signals. The down-regulation of expression of speB gene after coculture is supported by our earlier in vivo findings and by those of Raeder et al., who reported that the passage of a SpeB-producing GAS in human blood or in mice selects for a stable, phase-varied GAS with reduced expression of SpeB [19] . The down-regulation of expression of SpeB in blood can help bacteria to evade phagocytosis by keeping its M protein intact, whereas down-regulation of expression of SpeB at the mucosal surface can help to achieve better colonization by enhancing the fibronectindependent uptake by the host cells [16] . Thus, a better understanding of the factor(s) affecting the expression of various virulence factors can help us to define the role that differential in vivo and in vitro regulation of gene expression plays in disease progression.
